INTRODUCTION
The Human Genome Project could be accelerated by methodologies for high throughput analyses of nested chain terminated DNA fragments that avoid gel electrophoresis. One of the most promising techniques in this regard is matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS). Strand fragmentation in the spectrometer contributes to the limitations currently encountered for MALDI-MS analyses of DNA mixtures. These fragmentation processes are thought to arise from protonation of basic sites on the aromatic nucleobase moieties. The extent of fragmentation is dependent on the sequence; T oligonucleotide residues are more stable than A, C and G, in that order. For this reason a surrogate for A, C and/or G that is less vulnerable to fragmentation, i.e. less basic, has potential for DNA sequencing.
With regard to incorporation of unnatural dNTP analogs by DNA replicating enzymes, relatively minor structural modifications, wherein the surrogates have similar structures to the parent purines or pyrimidines, have been investigated. For instance, DNA oligomers containing 7-deaza-dATP and 7-deaza-dGTP have been shown to give less fragmentation in MALDI-MS analyses than the corresponding natural strands. Moreover, 7-deaza-dGTP can be incorporated by DNA replicating enzymes to give nested chain terminated DNA fragments; this technique is frequently used to overcome 'GC compressions'. Biocatalytic replication using nucleobase surrogates with structures very different from those of the natural dNTPs, however, are relatively unexplored. It is not unreasonable to assume that very different structures can be incorporated, as indicated by the following recent observations. Bergstrom and co-workers indicated that 1-(2′-deoxy-β-D-ribofuranosyl)-3-nitropyrrole phosphate (dX) has characteristics that are desirable for a 'universal base'; small oligonucleotides containing dX bound with almost equal affinity to templates containing any of the four natural bases opposite the dX residue. Other work by Kool's group indicates that base stacking effects are more important than previously thought for matching two DNA strands and that unnatural dNTP analogs can do this well (11).
Scheme 1.
We reasoned that dX has no particularly basic centers and that the Bergstrom work showed that this nucleoside was functional in DNA complements. This paper describes experiments to explore the efficacy of 3-nitropyrrole as a surrogate for adenine in mass spectroscopic analyses of oligonucleotides. Screens for incorporation of 1-(2′-deoxy-β-D-ribofuranosyl)-3-nitropyrrole triphosphate (dXTP) by DNA replicating enzymes are also described. This work therefore represents a preliminary step in the search for nucleobase surrogates that can be incorporated via biocatalytic synthesis to give robust DNA complements for MALDI-MS analyses.
MATERIALS AND METHODS

Synthesis of 1-(2′-deoxy-β-D-ribofuranosyl)-3-nitropyrrole and its phosphoramidite
1-(2′-Deoxy-β-D-ribofuranosyl)-3-nitropyrrole and its phosphoramidite were prepared via literature procedures. dX was obtained as a white solid (0.27 g, 99% yield). 1 The phosphoramidite prepared as above was then incorporated into oligonucleotide strand dT 4 XT 5 by phosphoramidite chemistry using an ABI 394 DNA synthesizer. The dT 4 XT 5 and dT 4 AT 5 (prepared via standard automated synthesis) samples were purified by RP-HPLC on a Vydac C18 column (5 µm, 4.6 × 250 mm). Buffer A was 0.1 M triethylammonium acetate (TEAA), pH 7.0, and buffer B was 30% 0.1 M TEAA and 70% acetonitrile. Separations were performed using a linear gradient of 90-50% A over 20 min, then 10% A for 1 min, then 90% B for 1 min with a flow rate of 1 ml/min.
Synthesis of 1-(2′-deoxy-β-D-ribofuranosyl)-3-nitropyrrole triphosphate (dXTP)
The nucleoside was converted to its triphosphate via the Kovács procedure. Thus, 1-(2′-deoxy-β-D-ribofuranosyl)-3-nitropyrrole (0.042 g, 0.18 mmol, 1 equiv.) and 1,8-bis(dimethylamino)naphthalene (0.058 g, 0.27 mmol, 1.5 equiv) were dissolved in trimethylphosphate (0.45 ml, 0.4 M) under a nitrogen atmosphere and stirred at 0_C for 10 min. Phosphorus oxychloride (18 µl, 0.2 mmol, 1.1 equiv) was added and the reaction was stirred at 0_C for 2 h. Tri-n-butylammonium pyrophosphate (0.49 g, 0.9 mmol, 5 equiv.) and tributylamine (21 µl) in DMF (70 µl) were then added to the solution. After 2 min the reaction was quenched with 1 M triethylammonium bicarbonate (TEAB), pH 7.5. The solution was concentrated under high vacuum and the triphosphate product was partially purified using a DEAE-cellulose column eluted with a linear gradient of 0.01-0.5 M aqueous TEAB. The nucleoside triphosphate was further purified by RP-HPLC on a Vydac C18 column (5 µm, 4.6 × 250 mm). Buffer A was 0.1 M TEAA, pH 7.0, and buffer B was 30% 0.1 M TEAA and 70% acetonitrile. Purification of a small sample was performed using the gradient conditions 100-80% A over 10 min, 80-0% A over 5 min, then 100% B for 10 min. Throughout the flow rate was 1 ml/min. The product was isolated as a white solid after lyophilization: 31 The reproducibility of the assays described below was dependent upon the purity of the triphosphate; one or more contaminants (possibly including the monophosphate) appeared to cause enzyme inhibition.
MALDI-MS
The HPLC-purified oligonucleotides were dissolved in 1:1 H 2 O/MeCN to give an ∼200 µM solution. The MALDI-TOF experiments were performed on a Voyager-Elite XL instrument (PerSeptive Biosystems) operated in the negative ion mode. In these experiments freshly prepared 0.15 M α-cyano-4-hydroxycinnamic acid in methanol was used as matrix. A 10 µl aliquot of matrix, 5 µl 0.5 M diammonium citrate and 1 µl analyte solution were briefly mixed. A 0.5 µl aliquot of this solution was applied to the mass spectrometer autosampler plate and dried in air; the plate was then inserted into the sampling chamber. The quantity of sample used in the MALDI experiments was in the 10 pmol region. Singly and doubly charged molecular ions of oligomer dT 10 were used for mass calibration.
Polymerases and DNA templates
All the polymerases [DNA polymerase I Klenow fragment; exonuclease-free (exo-free) Klenow fragment; avian myeloblastosis virus reverse transcriptase (AMV-RT); Moloney murine leukaemia virus reverse transcriptase (M-MLV-RT); T7 Sequenase TM version 2.0 DNA polymerase; ∆Taq version 2.0 DNA polymerase] used in the assay described below were purchased from Amersham. T4 kinase was purchased from Pharmacia Biotech. M13mp18 singlestranded DNA template was purchased from BioRad Laboratories. The Universal Primer was provided by Mike Metzker (Baylor College of Medicine). The oligonucleotide template 5′-GCCAC-CTCCACTGGCCGTCGTTTTAC-3′ was synthesized using an ABI model 394T DNA/RNA synthesizer (underlining indicates that part which was not paired to a primer in the subsequent experiments). All non-radioactive nucleotides were purchased from Pharmacia Biotech and [γ-32 P]ATP was purchased from Amersham.
Polymerase incorporation assay
Two different templates were used to test incorporation of dXTP. In the first 32 P-labeled universal primer was annealed to singlestranded M13mp18 DNA (0.5 pmol to 0.2 µmol respectively per 5 µl) by heating to 80_C for 5 min and cooling slowly to 25_C (∼30-45 min). Enzymatic extension of the primer-template complex was performed under standard conditions for these enzymes except that selected natural nucleotides were replaced by and mixed with various concentrations of the nucleotide analog. Control experiments were performed with natural nucleotides in the presence of dideoxynucleotides and water. For each reaction 5 µl mixtures of each enzyme, nucleotide and nucleotide analog, in the buffer solution used by the supplier to dissolve the enzyme, were added to 5 µl annealed primer-template samples. Final concentrations of nucleotides, enzymatic units and incubation temperature are shown in Table 1 . The reaction mixtures were incubated for 25 min (M13mp18 template), then stopped by addition of 5 µl stop solution (consisting of 98% formamide, 10 mM EDTA, pH 8.0, 0.025% bromophenol blue and 0.025% xylene cyanol). The samples were heated to 85_C for 3 min, chilled on ice, then 3 µl were loaded on 10% polyacrylamide gels. Following electrophoresis the gel was fixed in an aqueous solution of 10% acetic acid, 10% methanol, dried for 1 h and autoradiographed on HyperfilmTM-MP (Amersham) or scanned on a Fuji Bas 2000 phosphorimager (Gene Technologies Laboratory, Department of Biology, Texas A&M University).
For the second assay the same set of conditions were applied except that the 32 P-labeled universal primer was annealed to the synthetic oligonucleotide template 5′-GCCACCTCCACTGGCC-GTCGTTTTAC-3′ (0.05-0.1 pmol respectively per 5 µl), the incubation time was 20 min and a 20% polyacrylamide gel was used. Enzymatic extensions were performed via the method described above.
RESULTS AND DISCUSSION
MALDI-MS
To test the relative proclivities of dA and dX residues in oligonucleotides to fragment, MALDI-MS spectra of dT 4 AT 5 and dT 4 XT 5 were recorded under the same conditions, then compared. Figure 1 shows these spectra. The spectrum of the dA-containing oligomer showed fragmentation associated with loss of the adenine base and cleavage of the strand, giving the following fragments: dT 4 , pT 5 and pT 5 + matrix. Conversely, no strand fragmentation was observed for the dT 4 XT 5 oligonucleotide. The only fragment peak detected corresponds to loss of an oxygen atom, presumably from the nitro group of the nitropyrrole moiety. A peak corresponding to the doubly charged molecular ion was present in both spectra.
Incorporation assays
The nucleotide analog dXTP was tested as a surrogate for dATP using several commercially available polymerases. An assay previously developed to detect incorporation of 3′-blocked nucleotides by DNA replicating enzymes was adapted for this purpose. The assay began with a DNA template annealed to a 32 P-labeled primer. The DNA replicating enzyme, natural dNTP (and/or dNTPs) and one unnatural dNTP were then added to the reaction tubes. In the critical experiments read-through beyond a dT residue in the template would only be possible by incorporation of dX or a mismatched natural dN. Control experiments were run in parallel using appropriate ddNTPs and blanks (water control) giving termination at this crucial site and at the preceding base respectively. This protocol differentiated between no incorporation of dX, incorporation with chain termination and incorporation of dX followed by read-through beyond this point. Three scenarios arose in these assays, as shown in Figure 2 . The sequence complementary to the template is shown to the right of each gel. The critical point in this sequence is the first A in the complement, because no dATP was added in all the experiments described below. Figure 2A shows a gel pattern indicating that the unnatural analog (dXTP) was not incorporated. This is shown in lanes 1-3, wherein increasing concentrations of dXTP were added and the band terminates at the same position as the blank/water control (lane 5). This was one residue lower than in lane 4, where ddATP was added. Figure 2B is illustrative of the second scenario. This displays a gel pattern wherein incorporation was observed. In all experiments where dXTP was added (lanes 1-5) there was a band corresponding to termination opposite the first T in the template, but no bands above that. This indicates that dXTP was incorporated but no read-through beyond this incorporation point occurred. Figure 2C depicts the third scenario, i.e. incorporation and read-through. In this case incorporation occurred at the crucial template T residue and the enzyme was able to carry on replication for several bases after this. In fact, there were two consecutive T residues in this template, so the enzyme incorporated beyond this TT site.
Throughout these studies relatively high concentrations of dXTP were required to obtain incorporation or incorporation/ read-through. For instance, when DNA polymerase I Klenow large fragment was tested in conjunction with the M13mp18 DNA template, 75 µM dXTP gave mainly termination; a read-through band was detected when the concentration was doubled and predominant read-through was observed at a dXTP concentration of 0.75 mM. Consequently, it appears that high concentrations of dXTP can act as a surrogate for dATP.
These assays also provided some evidence that dXTP is not an effective surrogate for TTP. It appears that dXTP can be incorporated in place of T, but read-through after this was not observed. Thus when DNA polymerase I Klenow large fragment was used in conjunction with the M13mp18 DNA template high concentrations of dXTP caused read-through beyond the template TT region but not past the first template A encountered, i.e. incorporation/termination. These findings were confirmed in experiments in which dATP was added (Fig. 2C, lanes 8-12) .
Each enzyme was tested using two different templates: a long one, M13mp18 DNA, and a short synthetic 26mer. The purpose of this was to determine if the template length had an effect on incorporation and, in fact it did, vide infra. For the short template the overhang sequence was 3′-CCTCCACCG-5′, consequently the only natural nucleotide used was dGTP (to complement the leading CC template sequence). Combinations of dGTP and dCTP were used in the experiments with the longer template. Table 2 summarizes the data gathered from the enzymatic screens. T7 Sequenase TM and M-MuLV-RT showed no evidence of incorporation of dX with either template (cf. Fig. 2A ). ∆Taq and exo-free Klenow fragment gave termination with no read-through (cf. Fig. 2B ). DNA polymerase I Klenow large fragment, gave incorporation with read-through (cf. Fig. 2C ) but only with the longer template (M13mp18). Conversely, AMV-RT showed incorporation with read-through only for the shorter template (a synthetic 26mer).
Possible misincorporation of natural bases was a concern throughout these experiments, consequently the relative amounts of the dNTPs and dXTP were critical. For each enzyme the minimum concentrations of dNTPs and ddNTPs appropriate for replication were determined via a published procedure. Use of these minimum concentrations ensured efficient incorporation of natural bases at sites in which they would be paired in a Watson-Crick fashion but reduced the likelihood of incorporation of a natural dNTP at the critical site to give a mismatch. Evidence that misincorporation of a natural dNTP did not occur in the experiments with dXTP was inferred from the controls wherein no dXTP was added. Replication strands observed in these experiments terminated at the base immediately preceding the proposed site of incorporation of dXTP. Further evidence that the read-through observed is not due to a forced mismatch of a natural base is inferred from the experiments in which dATP was added to test if dXTP could act as a TTP surrogate (vide supra). Only incorporation/termination occurred under these conditions, even though dATP, dCTP and dGTP were present. If the observations we attribute to dXTP incorporation as a dATP surrogate (wherein only dGTP and/or dCTP were present) were due to forced mismatches, then incorporation would also be expected in the TTP surrogate probes and it was not observed.
CONCLUSION
We have shown that a nucleobase that has no close structural similarity to adenosine is more robust with respect to MALDI-MS analyses and can act as a surrogate for dATP in enzymatic DNA syntheses. It was incorporated by two naturally occurring enzymes.
The results described here lay foundations for several related studies. These include screening mutated enzymes with higher substrate tolerances (e.g. AmpliTaqr FS and Taquenaser), systematic variations in the reaction conditions (e.g. substitution of magnesium in the buffer medium with manganese salts) and screens of other nucleobase analogs (e.g. those derived from 5-nitroindole).
We intend to continue this screening process, then focus on the issues related to kinetics of incorporation and enzyme processivity for the most efficacious combinations. Refined systems for incorporation of unnatural bases could offer considerable advantages in analyses of artificial DNA nested chain terminated strands.
